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ACDM: the Standard Cosmological Model

Accelerated Expansion e 6 parameters:
Afterglow Light
oyrs, 0% Qalaxics, Planets,etc. e content: Qp, Qc, Qa
e Hubble: H

® reionization: T

e inflation: A, N,

* reproduces all
observations
o CMB
e SN1a
e BAO
e BBN

, e known unknowns
Present energy density
Atoms ® Iﬂf|8.t|0ﬂ

4.6%

ar .
Physics at an energy scale of ater dark energy
® dark matter

~10"° GeV

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

23%

® neutrino masses




Inflation: conceptual summary

- Problems with the simple big - Friedman Equation (predicts
bang model: expansion of the universe)

- the relic (monopole) problem

- flatness problem

- horizon problem - Inflation (acceleration)
h
» Solution: happens when
- introduce a field ¢ and V(d) > 2

potential V() to

exponentially expand the
universe in the first 104 s




Inflation: conceptual summary

sketch of a typical model potential

® Measuring inflationary
parameters tests inflation

o A, Ny, Ol
® r=At/A59 nt

quantum
fluctuations

® measuring r would
¢end  reheating determine energy scale

of inflation (this is the
holy grail of the CMB)

from Baumann et al. 2008

poredicts initial perturbations ® measurements
already constrain
density (scalar) fluctuations: p,_(k) = Ask(ns—1+%as In k) models

gravitational wave n,
(tensor) fluctuations: P t(k) = Ak




4.6%

Dark Energy

Dark
Matter

23%

® Observation: present
expansion rate Is increasing

® Friedmann Equation

® measuring wo # -1 or wa #0
would imply dark energy is a
new dynamical field

® Parameterize our ignorance:

w(a) = wo + (1—a)wa



Neutrinos 7 :::Tmmzm

hierarchy?

atm

e [hree flavors of neutrinos in ,‘
the Standard mOdel ': 21? | 2| 7 absolute scale?

e Oscillation experiments
measure neutrino mass
differences

AN m,,»3 = 0.05 eV

AN m, 1o = 0.009 eV

e Questions
- more flavors? |
Impact
- mass scale?
cosmology

- mass hierarchy?




Cosmological Measurements with the CMB
CMB amsotropy

Snapshot of our universe
at 380,000 years

carries the imprint of inflationary
parameters, the number of
neutrino species, and more

7 Jata from WMAP
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Probes our universe from age ~1 to ~13.8 Billion Years

sensitive to dark energy and dark matter (neutrinos), and other ACT
parameters.




CMB Power Spectra gjis: " fomaton

CMB'’s information

sky map from WMAP decompose
e B e T(n) = E aj, Yo (1)

-

Eam

average
Ce= Y|am|?
m

Temperature
temperature fluctuations
trace density perturbations

Polariaztion
polarization generated from = E-mode
bulk flows and Thompson (curl free)
scattering

B-mode
(divergance free)



CMB Power Spec'tr-um' 2 inflatigfiary parameters

Planck 2013
L l "R % — B Planck TT+lowP
! DT (mee Planck TT,TE,EE+lowf
3 : I Natural inflation
Hilltop quartic model

\
« attractors
— - Power-law inflation
s L Q’O,, Low scale SB SUSY
S R? inflation
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Scale Structure with Galaxy Clusters
b é ¢~ and'Weak Lensing

4
)((1(/1\7()1 1/

CMB grawtatlonal SZ Clusters e

lensi ng Prediction:

Original CMB dark matter
halos

Oy, Measurements:
SZ effect optical galaxies

Large Scale Structure

Observed Sky —

Leverage through cross-
correlations with optical surveys also x-ray, galaxy weak-lensing,
velocity dispersion, and others

Large scale structure constrains neutrino masses, dark energy, and a other physics










Complementarity with optical
measL

DESI

DESI

HSC ultra deep DESI HSC wide
e-cosmos

P HSC wide, _CFHTLS He’MES. | SDSS stripe 82 i vice,

4 CAM KIDS o — CFHTLS '

5 HerMES ; ceuril Herschel Atlas \GAM A/

(Vs HSC ultra deep

- XXM-XXL -

W ukidss

(V)

—

Y
survey type measurements complementarity
photometric surveys slusiiens clusters tSZ, scaling relations,

mass calibraiton (CMB lensing)

SPEeCtroscopic surveys mater power spectrum / BAO velocity field (kSZ), calibration

galaxy shear lensing matter power spectrum calibration of multiplicative bias




Complementarity wit

Mmeasu

DESI

HSC ultra deep
€-cosmos

Py HSC wide  CFHTLS
> GAMA KIDS
o HerMES

=

N
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HerMES

CFHTLS

HSC ultra deep
XXM-XXL -
ukidss

SDSS stripe 82
CFHTLS Herschel Atlas

N optical

DESI

HSC wide
HSC wide |

-
’y

available sky in Chile

survey type

measurements

complementarity

photometric surveys

clusters

clusters tSZ, scaling relations,
mass calibraiton (CMB lensing)

spectroscopic surveys

matter power spectrum / BAO

velocity field (kSZ), calibration

galaxy shear lensing

matter power spectrum

calibration of multiplicative bias

\GAMA/




The Atacama Cosmo\ogy Telescope

5200 m (high)
Desert (dry)
Latitude -23°

Antofagasta

Pacific

Pto. Montl
Ancud




Three Cameras and ACT

The Past:
2007-2010

MBAC

The Present:
2012-2015

ACTPol

The Future:

The Millimeter Bolometric Array Camera

148 GHz

218 GHz

Standard Cosmological Model

f“\,{"
‘(L_\

WMAP 9-year
Planck 2013

SPT-2012

300. 500. 700. 1,000. 1,500.
Spherical Harmonic (¢)

90/220 GHz

, #, detector arra .
~ph Y 4K optics plate

_90/150 GHz :
optics tube

BN
Close packed
150 GHz tube:

Magnetic shielding

2016-2019 Advanced ACTPol (AdvACT)

| Gravitational Lensing |

e <

2020 and beyond

CMB-54




TES basics overview and sensitivity

bolometer schematic: Superconducting Transition
Edge Sensor (TES):

Incoming Anul

radiation n u.‘r!"a-
sensitive
thermometer

Thermometer

Absor'ber'd

Weak Thermal link

A tiny change in femperature
means a

§ BIG change in
g electrical resistance,
§ which we can measure
Temperature
* Noise contributions - Maximizing sensitivity
- photons - lower all sources of noise
* phonons * phonons
* radiation

- arrays of detectors to boost sensitivity



the ACTPol Receiver

Pulse tubes

§ & 90/220 GHz

90/150 GHz
optics tube

Close packed

150 GHz tube:

4He fridge Magnetic shielding

Detector Arrays

3 optics tubes
- 2 @ 150 GHz arrays
- 1 @ 90/150 multichroic

Metamaterial AR

silicon lenses
-low reflectance

-low dielectric loss |
Dilution refrigerator L o
- 90 mK base Pl

- continous operation

Metamaterlal AR Coated S|I|con Lenses
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An ACTPol lens | =
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confocal microscope image No broken posts!



ACTPol Multichroic Polarimeter Array |- Newdichroic

polarimeters
Feed Horn  Dattaetal., JLTP (2014)

90/150 GHz Polarimeter

bolo:
9

> sensitive to the 90 GHz
\ | and 146 GHz | . | 50X
i CMB bands = /° g
f in each g
pixel 3
8—1.0-
-------
60 80 100Freq1L210enCy1¢E0GHz)160 180 200
Assembled Array

First Multichroic
array deployed,
January 2015




ACTPOL STATUS 2013: First array (all 146 GHz)

— background limited

— consistent with proposed
sensitivity
— first results published
2014: Two arrays (all 146 GHz)
— analysis underway
2015: Multichroic 90/146 GHz
— First light Feb 2015

— First fielded multichroic
polarimeter array

gl ==
=



ACTPol Survey 2013

|

HSC \yltra deep BOSS = J L ~ BOSS

e-cosmos ) i
o G o erMES N
Sl > o i HSCwide., il )

KIDS
HerMES i

ukidss

* 11 Sept 2013 - 24 Dec 2013 (500 hrs)
*  Only one 150 GHz array installed then
*  Four ~ 70 deg? patches















POLARIZATION Lensing (cross-correlation)

Deflection x CIB Cross Spectrum
50

$ ACTPol (EE + EB) x Planck (this work)
¢ SPTpol EB x Herschel (2013) ]
+ Polarbear (EE + BB) X Herschel (2014)

1

40¢
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Observed Sky — [ x4
e s NP, O _20-
Polarization reconstructions
o 3% 500 1000 1500 2000 2500 3000

multipo[e, 4

small scale CMB lensing BB revealed via cross-correlation to CIB.

Van Engelen et al 2014 (ACTPol), Hanson et al 2013 (SPT), POLARBEAR
Collaboration 2013, 2014, see also BICEP2, 2014 & BICEP2/Keck/Planck 2015



CLUSTERS LENSING the CMB
3.20; stack of 12,000 CMASS galaxies (SDSS/BOSS)

0.025 _ T T T
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Madhavacheril et al - PRL 114, 151302, 2015. (ACTPol 2014 D1, D5, D6 fields.)



CMB Status and Next Steps

(data as of 2013)
10°) ACT 2013
Planck (2013) .
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CMB Status and Next Steps
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(data as of March 2015)
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CMB Status and Next Steps

(data as of March 2015)
* damping tale

10° Ii]'l'lf;-?fj * Neff, Ns, YHe
i Planck (2015)
_w] B EE spectrum
el Gear 201y AN I * improved
S ‘ standard
i cosmology
;i Lensing
* >my, dark
| | e | energy, dark
0 o e w0 oz e matter
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Large Scale B
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CMB Status and Next Steps

(data as of March 2015)

103 “-l.::'"‘ i
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* Neff, Ns, YHe

/ EE spectrum
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CMB Status and Next Steps

(data as of March 2015)
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CMB Status and Next Steps

(data as of March 2015)

* damping tale
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CMB Status and Next Steps

(data as of March 2015)
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Plgnck BB foregro LUl moderforaHprex-cleansest 30P6

Dust models from Planck
Paper XXX (1409.5378)

Polarized dust mandates
multi-frequency data and
internal consistency checks.

damping tale
* Neff, Ns, YHe
EE spectrum

* improved
standard
cosmology

Lensing

* >my, dark
energy, dark
matter

Large Scale B
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Advanced ACTPol

~ half the sky 5 frequency bands

Foreground Removal

)
~
SURT o
i T & 0l - ® 30
DESI . o DESI ige~~ DESI S
HSC ultra deep . o 3 = 12
e-cosmos = N : = O
a HSC wide CFHTLS A HerMES. SDSS stripe 82 et wiae 8‘ g" ﬂ 1 Hratio taken in -
s GAM lerMesKiDS. CFHTLS Herschél Aths — - $ > &L temperature units) 90
5 f f CFHTLS GAMA > 2_ -
wnv HSC ultrad = % 3
2 \w‘gud ra eep g_> g : “synchrotron .“ E
m ukidss Eq é 0.5 ' kinematic SZ (x10) _ *
B W B e —— ¥ ¥ 4 L= s s
Y ~South Pole l s 3 E
observable sky— 2 05 3
_________________________ \j N ’ ;
0.0 —— s 0.10 mK RJ 10 100 1000
FDS dust emission frequency [GHZz]
Detector Arrays Metamaterlal AR Coated Silicon Lenses

+ metamaterial
Half Wave Plate

three scaled multichroic arrays
to cover the 5 frequency bands




(€ +1)/(2m)CPE (uK)?

AdvA

10°

101

(MCMC sim ;lat!-:.ﬁj; O
raw sensitivity ¢ ‘s A
B cleaned > r U1A

- LA ) " L l"'l""

EE

CT polarization forecast

gravitational lensing
2 m =0.05eV
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o4 6 '
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RO Sy
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Neutrinos

AdvACT-ALL

AdvACT measurements

Clusters + HSC
ksZ X BOSS

1o contours

Planck forecast

o normal hierarchy
: M 1 L L M

0
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0.4
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0.4

S o0

04 |-

Dark Energy
AdvACT-ALL

AdvACT measurements

CMB Lensing X LSST
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1o contours

-1.0
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Maintaining Moore’s Law: focal planes are saturated
so must use parallel processing and multiple telescopes.

Stage [l ACTPo

Now
~1000 detectors
Stage Il Advanced ACTPol
ramping up
~10,000 detectors

Stage IV

~2020 - CMB-S4
~500,000 detectqrs

| CMB-$4: A program to put 0(500,000) |
t detectors spanning 30 - 300 GHz using
i multiple telescopes and sites to map =70% :




Building for Discovery ' BaCIEES

Currently operating

‘ ; \ Large Projects
d Mu2e

e —— LHC: Phase 1 upgrade

PS,S HL-LHC
timelines "

ILC

Medium and Small Projects

LSST
DESI
DM G2
CMB-S4
ramps up —->
as CMB S4

LSST
ramps down



two weeks ago)

S4 Community Meeting (

First CMB

at the University of Michigan
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2015

2016

2017

2018

2019

2020

2021

2022

2023

2024

Sensitivity

(|.IK2) Fu.lim O(Neff) U(va)
Stage 2 BOSS'BAO
1000 l prior
el 2105 <01 014  0.15eV
Stage 3
10,000
detectors Boss BAO
l prior
106 rs0.01 0.06 0.06eV
Stage 4
CMB-S4
~500,000 ‘ DESI BAO
detectors l orior
108 r=0.001 0.02 0.015eV

D.E.
F.O.M

‘ DES+BOSS
lSZ clusters

~180

‘DES + DES
lSZ Clusters

~300-600

‘DESI +LSST
184 Clusters

~1250
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